endocrine and metabolic systems on any level of organization. It is published 24 times a year (twice monthly) by the publishes results of original studies about
Pyruvate uptake is increased in highly invasive ovarian cancer cells under anoikis conditions for anaplerosis, mitochondrial function, and migration OVARIAN CANCER REMAINS A LEADING CAUSE of gynecological malignancy-related deaths and is often detected in the late stages, when the cancer has already metastasized (5) . Of all ovarian cancer diagnoses, most are classified as epithelial ovarian carcinoma (17) . In the process of epithelial ovarian cancer metastasis, cancer cells can remain viable while they are suspended in peritoneal fluid in the peritoneal cavity. A normal epithelial cell would in this environment undergo anoikis or epithelial cell death due to detachment, first coined by Frisch and Francis (8) in 1994. However, cancer cells, including ovarian cancer cells, can survive without extracellular matrix attachment and are thus considered anoikis resistant. Anoikis resistance in cancer has been widely studied from the genetics perspective. Various genes and proteins, including Zeb1 (32) , mammalian target of rapamycin (mTOR) (33) , and yes-associated protein in prostate cancer (43) , have been observed to play a role in anoikis resistance.
In the 1920s, Otto Warburg first made the observation that cancer cells had higher rates of glycolysis than normal cells (35) . This phenomenon is now known as the "Warburg effect" and has been observed in various types of cancers, including ovarian cancer (14) . For example, 2-deoxy-D-glucose, a glucose analog, has been shown to be effective as an anticancer treatment in several cancers, including ovarian cancer in vitro (42). Warburg's finding sparked interest in research in cancer metabolism from the protein and genetic perspective. c-Myc and hypoxia-inducible factor-1 (HIF-1) have been shown recently, through Western blot and lactate production analysis, to play a role in increased glycolysis in early passage breast cancer cells. Pyruvate kinase M2 has been shown to be a regulator of glycolysis in cancer cells (22) , in addition to being regulated by epidermal growth factor (EGF) receptor in glioblastoma (37) , and by mTOR (33) . mTOR has also been found recently to interact with lactate dehydrogenase kinase B in cancer cells (40) .
The metabolic changes that are linked to anoikis resistance and the proteins and genes responsible for this remodeling are currently under investigation. Recently, the effect of oncogene ErbB2 on glucose uptake and ATP production in detachment (29) and EGF stability (12) have been investigated in mammary carcinoma MCF-10A cells (12, 29) . Furthermore, ErbB2 expression has been found to affect glycolytic protein pyruvate dehydrogenase and pyruvate dehydrogenase kinase-4 in these mammary carcinoma cells cultured in detachment (11) . More specifically, when MCF-10A cells are cultured in detachment, glucose and glutamine uptake decreased and tricarboxylic acid (TCA) cycle and glycolysis rate decreased compared with in adherent conditions for this breast cancer cell line (11) . However, the role of metabolism in anoikis resistance of ovarian cancer cells and the differences in metabolism between highly invasive vs. less invasive ovarian cancer cells remain to be studied. Importantly, the generalization of cancer metabolic profiling results for cancer cells originating from different organs can be restrictive because of the variable metabolic state of cancer cells due to exogenous factors, including hormonal dependency, microenvironmental conditions, and considerable differences in nutrient consumption/uptake.
We hypothesized that metabolism of highly invasive ovarian cancer cells would contrast with the less invasive ovarian cancer cells and that ovarian cancer cells have remodeling of metabolism when they are cultured in detachment as opposed to attachment. Recently, more invasive ovarian cells (SKOV3) were shown to have more elevated monoacylglycerol lipase activity than less invasive ovarian cells (OVCAR3) (24) . Here, we used metabolic footprinting (MFP) coupled with bioenergetics analysis to investigate the metabolic differences between more invasive and less invasive ovarian cancer cells under both attached and detached conditions (4a, 22a, 22b) . Furthermore, we hypothesized that these differences in metabolism would have an effect on cell migration. Our observations are the first to demonstrate that oxygen consumption rate (OCR) was considerably higher in more invasive ovarian cancer cells (SKOV3ip1) than less invasive ovarian cancer cells (OVCAR3) in nonadherent conditions. Interestingly, we found that pyruvate uptake was significantly higher for the highly invasive ovarian cancer cells compared with the less invasive ovarian cancer cells under detached and attached conditions, indicating that pyruvate may be driving a higher TCA cycle flux and the oxidative phosphorylation rate in the more invasive ovarian cancer cells. ATP production was also higher in more invasive ovarian cancer cells vs. less invasive ovarian cancer cells, which indicates that higher TCA cycle flux and oxidative phosphorylation may have resulted in higher ATP production. Finally, we conclude that pyruvate has an effect on migration in attached ovarian cancer cells. Our results derived from our integrated MFP-and bioenergetics-based approach demonstrate for the first time the importance of pyruvate and mitochondrial metabolism in migration and alterations of metabolism in ovarian cancer cells with variable metastatic abilities.
MATERIALS AND METHODS

Cells and reagents.
Ovarian cancer cells OVCAR3 and SKOV3 were purchased from ATCC on behalf of Rice University. SKOV3ip1 cells were kindly provided by Dr. Anil Sood of MD Anderson Cancer Center. Cells were grown in RPMI containing 10% fetal bovine serum. Cells used in these experiments were cultured below 75 passages.
Two-dimensional anchorage-independent experiments. For a twodimensional poly(2-hydroxymethacrylate) (Poly-HEMA) culture, each well of a 12-well plate was coated two times with 500 l of 12 mg/ml Poly-HEMA solution (Sigma-Aldrich) in a tissue culture hood. Plates were then allowed 1-2 days to dry at room temperature. Wells were washed twice with 1ϫ PBS before use. OVCAR3, SKOV3, and SKOV3ip1 cells that were Ϸ80% confluent in flasks were seeded at certain densities in a 12-well plate to obtain Ն50% confluence in wells and to avoid overconfluence in the wells. For 12-well plates, seeding density was determined to be 150,000 cells/well for 24-h culture and 90,000 cells/well for 48-h culture. These plates were either uncoated or coated with Poly-HEMA. Similarly, cells were also seeded in six-well low-attachment plates (Corning) or uncoated sixwell plates at densities of 300,000 cells/well for 24-h culture and 150,000 cells/well for 48-h culture.
Matrigel culture. Matrigel culture protocol was based on that from Dr. Joan S. Brugge's laboratory at Harvard University, Boston, MA. Briefly, eight-well chamber slides (Millipore) were chilled and coated with 45 l/well of Matrigel (BD Biosciences). The coated slides were then incubated with 5% carbon dioxide Ն30 min prior to seeding. Cells were then trypsinized and seeded at 6,000 cells/well in 400 l of medium containing 2% Matrigel. Medium was changed every other day, and cells were harvested on days 6 and 12 of culture.
Cell viability. Cell viability was first determined using the LIVE/ DEAD Viability/Cytotoxicity Kit for Mammalian Cells (L3224) based on the manufacturer's protocol. Briefly, cells were seeded at 90,000 cells/well in a 12-well plate coated with Poly-HEMA. After 48 h, cells and media were collected, centrifuged, and washed with 1 ml of PBS. Two-hundred microliters of each cell suspension was incubated for 45 min in the dark with 200 l of cell death staining solution (PBS solution with 2 M calcein AM and 5 M ethidium bromide) on a microscope coverslip. Finally, 10 l of cell death staining solution was added to microscope slide, and a coverslip was inverted onto the slide and imaged.
Cell viability was also quantified using trypan blue exclusion assay for nonadherent cells, as described previously (6) . Briefly, cells were seeded at 90,000 cells/well in a 12-well plate coated with Poly-HEMA and noncoated plates. Cells were incubated for 48 h and then harvested. After medium was removed, cells were exposed for 5 min to trypsin (0.05%) to remove clumps. Equal parts cell suspension and trypan blue were then mixed, and live and dead cells were counted on a hemocytometer. At least nine fields of view from each well were analyzed.
For pyruvate cell viability, cells were seeded at 45,000 cells/well in 12-well plates and incubated for 3 days in medium originally containing 0, 1, and 10 mM pyruvate. Cell viability was then assessed using trypan blue exclusion assay, as described above.
Matrigel invasion assay. Invasion assays were conducted using BD Matrigel culture inserts. Briefly, 24-well 8.0-m pore size polyethylene terephthalate membrane inserts (BD Biosciences) were washed twice with RPMI medium and then coated with 20 l of reduced growth factor Matrigel (1:6 dilution; BD Biosciences) and incubated for 30 min in a 5% CO 2 incubator for gel formation. Ovarian cancer cells (OVCAR3, SKOV3, SKOV3 ip) were trypsinized, and 100,000 cells in 200 l of fresh medium were plated into the upper chamber. Next, 300 l of medium was added to the lower chamber, and the plate was incubated for 24 h. After incubation, medium in the lower chamber was aspirated, and invaded cells were treated with 5% glutaraldehyde in PBS for 10 min to fix the cells and then washed in PBS solution three times. Next, 0.5% toluidine blue in 2% sodium carbonate was added to cells for 20 min at room temperature. Subsequently, inserts were washed three times in PBS solution. The noninvaded cells on the inner surface of upper chambers were carefully wiped by using a cotton swab. Finally, invaded cells were counted under ϫ20 magnification for at least three fields per insert.
Metabolic assays. Glucose consumption assay was performed using Wako Glucose kit according to the manufacturer's protocol. Briefly, a 2-l sample and 250 l of reconstituted Wako glucose reagent was added to a 96-well assay plate and incubated while shaking at 37°C for 5 min. The change in absorbance, indicating the presence of glucose, was measured at 505 nm by using a spectrophotometer (SpectraMax M5; Molecular Devices).
Lactate secretion was determined using the Trinity Lactate Kit according to manufacturer's protocol. Briefly, lactate reagent was reconstituted with 10 ml of milliohm water and diluted 1:4 in 0.1 M Tris solution (pH ϭ 7.0). Media samples were diluted 1:10 in PBS, and lactate reagent was added to the diluted samples in an assay plate. The plate was protected from light and incubated for 1 h before the change in absorbance was read on a spectrophotometer at 540 nm.
The pyruvate assay used measures the amount of sodium dehydrogenase (NADH) oxidized, which correlates with the amount of pyruvate in the samples. Pyruvate uptake analysis was performed using the following protocol. Briefly, NADH solution was created by reconstituting NADH powder (Sigma-Aldrich) in 50 ml of Tris solution (pH ϭ 7.0). Lactate dehydrogenase was reconstituted in 50% glycerol and diluted 1:20 in Tris solution (pH ϭ 7.0). In a 96-well plate, 20 l of sample was added to each well along with the NADH reagent. A prereading was taken at 340 nm in a spectrophotometer, and lactate dehydrogenase was added to the wells. Plate was incubated for 1 h without carbon dioxide, and subsequent measurements were taken on a spectrophotometer.
ATP measurements. To measure ATP production, a bioluminescent Cell Titer-Glo Kit (Promega) was used. Half of two 96-well plates (white with clear bottom) were coated first with 84 l of 12 mg·ml Ϫ1 ·well Ϫ1 Poly-HEMA solution and allowed to completely dry under the hood. OVCAR3, SKOV3, and SKOV3ip1 were then seeded in RPMI complete medium without phenol red at a density of 10,000 cells/well in both plates. Cells were resuspended in medium so that the total volume in each well was 100 l. One plate was cultured for 24 h and the other for 48 h. After 24 or 48 h, cells were incubated for 1 h at 37°C. The standards were prepared and added to the well plates, and 100 l of reagent was added to each well on the bench. Plates were then incubated for 10 min and then read in a spectrophotometer (SpectraMax M5; Molecular Devices) under luminescence for 1,000 ms according to the manufacturer's instructions.
Amino acid uptake. Ultra-high-performance liquid chromatography (UPLC) was used to assess amino acid uptake and secretion using Waters Aquity UPLC device. Briefly, media samples were deproteinized, and MassTrak Reagent was added to the samples, along with Borate Buffer/NaOH. Samples were then heated and analyzed using the Waters ACQUITY UPLC system with a 2.1 ϫ 150 mm chromatography column maintained at 43°C. Eluents were prepared according to Waters' protocol. MassTrak AAA eluent A concentrate was diluted 1:10 in milliQwater, and MassTrak AAA eluent B was inputted in undiluted form. Flow rate of eluents was 0.4 ml/min, and UV detection was at 260 nm.
OCR measurements. OCR measurements were conducted using a Seahorse XF24 Analyzer. Before the experiment, the Seahorse culture plate was coated with Cell-Tak (BD Biosciences) according to the manufacturer's protocol. Briefly, each well of the Seahorse plate was coated with 50 l of solution containing Cell-TAK and filtered Sodium Biocarbonate solution, set to dry under the hood, washed with autoclaved water, and set to dry again before use. Tissue culture petri dishes (100-mm dishes) were either coated with Poly-HEMA or uncoated. Cells were seeded at densities of 1.5 million cells per 100-mm petri dish for 48 h. Cells were then trypsinized from the uncoated dishes or collected from the Poly-HEMA-coated dishes. Cell clumps were broken up until single cells were obtained and counted using a hemocytometer. Cells were then seeded in serum-free medium at a density of 50,000 cells/well in a Cell-Tak-coated Seahorse culture plate. Plate was then centrifuged at 450 rpm, centrifuged again at 650 rpm, and then incubated without carbon dioxide. Medium was then changed, and the cells were incubated without carbon dioxide. Prior to the experiment, the Seahorse cartridge was prepared with injections of medium, 2 g/ml of oligomycin, 2.5 M of carbonylcyanide-ptrifluoromethoxyphenylhydrazone (FCCP), and 2 M of antimycin and allowed to calibrate in the machine. The culture plate was then placed in the Seahorse machine to obtain readings.
Wound-healing assay. Ovarian cancer cells were initially seeded in T-75 flasks and cultured for 72 h in either RPMI containing 0 mM or 10 ϫ pyruvate. These cells were then seeded from flasks into 12-well plates in densities that allowed cells to be confluent after 12 h in culture. Assay was performed using low glucose (0.5 mM glucose) RPMI to study specifically the effects of pyruvate on migration. At 12 h after seeding, cell monolayers were scratched using a 200-l pipet tip, washed, and imaged every 4 h in the same place in each well Յ12 h after seeding. Images were processed using Image J software (National Institutes of Health).
Statistical analysis. Some statistical analysis was performed using Student's two-tailed t-test, and these data was reported in all bar graphs as means Ϯ SE. For multiple comparisons, one-way ANOVA with Tukey, Dunn's, or Dunnett's post hoc tests was used for statistical analysis.
RESULTS
Ovarian cancer cells used in metabolic analysis confirmed to be anoikis resistant.
Prior to exploring the differences in metabolism between highly invasive and less invasive ovarian cancer cells, live-dead staining was performed to confirm that the differences in metabolism between the cell lines would not be influenced by differences in cell mortality in detached states (Fig. 1A) . As seen in the figure, a majority of ovarian cancer cells remained viable in nonadherent conditions as in adherent conditions, and mortality was similar in the detached state for all cell lines, confirming first that OVCAR3, SKOV3, and SKOV3ip were anoikis resistant. Furthermore, the metabolic changes observed in the different cell lines, consecutive to the cell detachment, were not affected by cell death.
To further quantify cell viability and confirm that the results were not affected by differences in mortality in detached conditions, a trypan blue exclusion assay was performed. Results showed no significant differences in viability between the different cell lines or between these cells in adherent and nonadherent conditions (Fig. 1B) . Additionally, this confirms that metabolic findings were not affected significantly by differences in viability between cells in each condition.
Since the goal of our study was to investigate metabolic reprogramming of ovarian cancer cells based on their invasiveness in both adherent and nonadherent cells, we first performed a Matrigel invasion assay to assess invasiveness of the three ovarian cancer cell lines: OVCAR3, SKOV3, and SKOV3ip1. Our results showed that SKOV3 and SKOV3ip1 cancer cells were significantly more invasive than OVCAR3 cells (Fig. 1C) .
Increase in OCR in highly invasive ovarian cancer cells in detachment.
To elucidate the differences in metabolism between highly invasive and less invasive ovarian cancer cells in nonadherent conditions, we first investigated differences in OCR. Although the mitochondria of ovarian cancer cells are known to be competent (18) , little is known regarding the differences in metabolism between ovarian cancer cells of different invasive potential and in nonadherent conditions. In contrast to previously known results for adherent cells (3, 25) , we found that OCR was significantly higher in nonadherent conditions in the more invasive ovarian cell line SKOV3ip1 than the less invasive cell line OVCAR3 ( Fig. 2A) . Surprisingly, this indicates that these highly invasive ovarian cancer cells may have higher rates of oxidative phosphorylation than less invasive ovarian cancer cells under anoikis conditions, although the reverse is true for adherent conditions. To further examine mitochondrial function of ovarian cancer cells in detachment, we examined the maximum respiratory capacity (Fig. 2B ). Cells were seeded in Poly-HEMA-coated dishes for 48 h, and OCR was measured after injection of 2.5 M FCCP. We found that the more invasive ovarian cancer cells (SKOV3 and SKOV3ip1) had significantly higher maximum respiratory capacity (176.96427 Ϯ 7.209774853 and 340.332527 Ϯ 6.518145934 pmol·min Ϫ1 ·50,000 cells
Ϫ1
, respectively) than the less invasive ovarian cancer cell OVCAR3 (90.4147694 Ϯ 12.9885322 pmol·min Ϫ1 ·50,000 cells Ϫ1 ). Furthermore, we examined the mitochondrial reserve capacity or the difference between the OCR measured after injection of 2.5 M FCCP and basal OCR (Fig. 2C) . We found that SKOV3ip1 had significantly higher mitochondrial reserve capacity than OVCAR3 (82.53070964 Ϯ 6.24954086 compared with 8.062421829 Ϯ 5.82286257 pmol·min Ϫ1 ·50,000 cells Ϫ1 ). Finally, to complete analysis of the mitochondrial function of the cells, we measured respiratory control ratio (RCR), which indicates the mitochondrial efficiency of ovarian cancer cells in detachment (Fig. 2D) . We did not find any significant differences in RCR between highly invasive (SKOV3 and SKOV3ip1) and less invasive ovarian cancer cells (OVCAR3), thus indicating that mitochondrial efficiency of these cells was similar.
Higher pyruvate uptake observed in more highly invasive ovarian cancer cells in detachment. Since pyruvate uptake could lead to increased TCA cycle flux and oxygen consumption in cells, we next investigated whether higher oxygen consumption rate under detached conditions correlated with increased pyruvate consumption. We also aimed to investigate the differences in rates of glycolysis between ovarian cancer cell lines of varying invasiveness. To investigate the consumption/secretion rates of various metabolites, we first induced cell detachment conditions using both Poly-HEMA and hydrogelcoated ("low-attachment") culture plates for 24-and 48-h Fig. 1 . Cell viability of ovarian cancer cells in 2-dimensional anoikis (anchorage-independent) condition. A: calcein AM (green) and ethidium homodimer (red) staining were conducted for OVCAR3, SKOV3, and SKOV3ip1 after 48 h of culture in adherent and nonadherent conditions to confirm that cells remain viable in detached state. B: additionally, cell viability was determined for the same cells after 48 h in culture in adherent and nonadherent conditions using trypan blue exclusion assay. Data are expressed as means Ϯ SE; n ϭ 9. C: a 24-h Matrigel invasion assay was conducted to characterize invasiveness of OVCAR3, SKOV3, and SKOV3ip1. Data are expressed as means Ϯ SE, and 1-way ANOVA with Dunn's post hoc test was used to compare between cell lines in the culture conditions; n ϭ 4. *P Ͻ 0.05. Poly-HEMA, poly(2-hydroxymethacrylate).
cultures of highly invasive and less invasive ovarian cancer cell lines. Our results show that in almost all of the different experimental conditions the pyruvate consumption was significantly higher in SKOV3 and SKOV3ip1 compared with OVCAR3 cells in detached and attached conditions after 24 and 48 h (Fig. 3, A-D) . The trends for pyruvate uptake were similar when the cells were cultured in detachment in either Poly-HEMA-coated or hydrogel-coated (low-attachment) plates. When cells were cultured in the low-attachment condition for 24 h, pyruvate consumption was ϳ2.5-fold higher for SKOV3 and SKOV3ip1 than OVCAR3; adherent SKOV3 and SKOV3ip1 consumed twofold higher pyruvate than OVCAR3 after 24 h (Fig. 3A) . After 48 h, SKOV3 and SKOV3ip1 cultured in low attachment consumed 2.7-and twofold more pyruvate, respectively, than OVCAR3; adherent SKOV3 and SKOV3ip1 consumed 2.1-and 1.7-fold more pyruvate, respectively, than OVCAR3 (Fig. 3B) . Similarly, in cells cultured in Poly-HEMA for 24 h, pyruvate consumption was Ϸ2.7-and 1.8-fold higher in SKOV3 and SKOV3ip1, respectively, than OVCAR3; in the adherent condition, SKOV3 and SKOV3ip1 consumed 1.6-and 1.2-fold more pyruvate, respectively, than OVCAR3 (Fig.  3C ). When cells were cultured for 48 h in Poly-HEMA-coated plates, SKOV3 and SKOV3ip1 consumed 1.8-and 1.3-fold more pyruvate, respectively, than OVCAR3; adherent SKOV3 and SKOV3ip1 consumed 1.6-and 1.2-fold more pyruvate, respectively, than OVCAR3 (Fig. 3D) .
Although there were significant differences in pyruvate uptake between cell lines in detached and attached conditions, glucose consumption and lactate secretion in detachment and attachment were not significantly higher for SKOV3 or SKOV3ip1 compared with OVCAR3 after 48 h (Fig. 3, E-H) . Based on glucose uptake and lactate secretion, our results indicate that rates of glycolysis were not increased significantly in more invasive compared with less invasive ovarian cancer cells in either attachment or detachment.
Amino acid uptake and secretion of highly invasive and less invasive ovarian cancer cells. Next, we decided to determine the correlation between high oxidative phosphorylation and TCA flux with amino acid uptake and secretion of ovarian cancer cells in nonadherent conditions. To investigate amino acid uptake and secretion, ultra-high-performance liquid chromatography (UPLC) was utilized on media collected from cells cultured in attachment or detachment (on Poly-HEMA-or hydrogel-coated plates) for 48 h (Fig. 4) . We observed differences in uptake and secretion of amino acids between the cells cultured in different conditions (Fig. 4, A and B) . Interestingly, we observed higher citrulline secretion in the more invasive ovarian cancer cells SKOV3 and SKOV3ip1 than the less Fig. 2 . Effect of nonadherent conditions on ovarian cancer mitochondrial function. Oxygen consumption rate (OCR) of each of these cells cultured in detached conditions (Poly-HEMA) was measured using a Seahorse XF24 Analyzer (A), along with maximum respiratory capacity (OCR after injection of 2.5 M FCCP; B), mitochondrial reserve capacity (OCR after injection of 2.5 M FCCP minus basal OCR; C), and respiratory control ratio (D). Respiratory control ratio was determined by taking the ratio of basal OCR vs. OCR when cell wells were injected with oligomycin. Data are expressed as means Ϯ SE, and 1-way ANOVA with Dunn's and Dunnett's post hoc tests was used to compare between cell lines in the culture conditions, using OVCAR3 as the control. *P Ͻ 0.05. Fig. 3 . Effect of nonadherent vs. adherent conditions on ovarian cancer pyruvate uptake, glucose consumption, and lactate secretion. Pyruvate uptake was determined for the ovarian cancer cells in adherent and low-attachment plates (Corning) for 24 (A) and 48 h (B). In addition, pyruvate uptake was also determined for these cells when cultured in adherent conditions and in Poly-HEMA for 24 (C) and 48 h (D). Glucose consumption was determined for 48-h cultures in adherent and Poly-HEMA conditions (E) and adherent and low-attachment plate conditions (F). Similarly, lactate secretion was determined for 48-h cultures in adherent and Poly-HEMA conditions (G) and adherent and low-attachment plate conditions (H). Data are expressed as means Ϯ SE, and 1-way ANOVA with Dunn's and Dunnett's post hoc tests was used to compare between cell lines in the culture conditions, using OVCAR3 as the control *P Ͻ 0.05.
invasive OVCAR3 in almost all adherent and nonadherent conditions (Fig. 4C) . This result indicates that detachment of cancer cells affects not only consumption of amino acids but also their catabolism to precursors of nitrogen-containing small molecules.
Glutamine may be increasing TCA cycle flux in highly invasive ovarian cancer cells. Glutamine consumed by cells can enter the TCA cycle and increase the rate of oxidative phosphorylation. Glutamine is first converted to glutamic acid, which is then converted to ␣-ketoglutarate, a metabolite of the TCA cycle. Therefore, we hypothesized that glutamine was increasing TCA cycle flux in ovarian cancer cells in detachment. We investigated the changes in glutamine uptake rates between the ovarian cancer cells in both attachment and detachment (Poly-HEMA-or hydrogel-coated plates) using UPLC. We observed a significantly higher glutamine uptake in more invasive ovarian cancer cells such as SKOV3 and SKOV3ip1 compared with the less invasive OVCAR3 cells in low attachment (Fig. 4D) . We also observed a significantly higher glutamine uptake for the more invasive ovarian cancer cells SKOV3 and SKOV3ip1 than less invasive OVCAR3 in attachment (Fig. 4D) . Thus, glutamine, along with pyruvate, may be a contributor to the higher OCR in more invasive ovarian cancer cells as opposed to less invasive ovarian cancer cells.
Fold changes in uptake and secretion of TCA cycle amino acids. Since pyruvate consumption results indicate that highly invasive ovarian cancer cells have higher TCA cycle flux than less invasive ovarian cancer cells, we hypothesized that there were significant differences in TCA cycle amino acid secretion and uptake between the highly invasive and less invasive cells. A comparison of amino acid secretion and uptake of highly invasive (SKOV3 and SKOV3ip1) ovarian cancer cells and less invasive ovarian cancer cells (OVCAR3) revealed an increased cystine uptake in SKOV3 and SKOV3ip1 compared with OVCAR3 in low-attachment conditions (Figs. 5, A and  B) . Fold increase in uptake between the more invasive cell lines SKOV3 and SKOV3ip1 and OVCAR3 in low attachment were 5.3-and 3.9-fold, respectively, and in adherent condition were 3.2-and 2.2-fold, respectively. Since cystine can be converted to pyruvate, the results indicate that uptake of cystine may be further increasing TCA cycle flux through pyruvate and oxidative phosphorylation in highly invasive vs. less invasive ovarian cancer cells. Our results show a fivefold increase in ␤-amino-isobutyric acid (BAIB) secretion in SKOV3 compared with OVCAR3 (Fig. 5C ) and a fourfold increase in SKOV3ip1 compared with OVCAR3 (Fig. 5D) . BAIB secretion has been seen to be elevated in cancer patients compared with healthy controls (34), and our results indicate that it could be a metabolic indicator of more invasive ovarian cancer vs. less invasive ovarian cancer.
In Poly-HEMA, a fold decrease in uptake of the branchedchain amino acids valine, isoleucine, and leucine was observed between SKOV3 and OVCAR3 (Fig. 5E ) and SKOV3ip1 and OVCAR3 (Fig. 5F ). These three amino acids can be synthesized from pyruvate, and thus differences in uptake of these amino acids may be linked to differences in pyruvate uptake between these cells in detachment. Our results also revealed a 40-fold decrease in proline secretion in SKOV3 cells compared with OVCAR3 cells in Poly-HEMA and a sevenfold decrease in proline secretion in SKOV3ip1 cells compared with in OVCAR3 cells under detachment conditions (Fig. 5, G and H) .
In the adherent condition, a 17.4-fold decrease in proline secretion in SKOV3 cells compared with OVCAR3 and 1.1-fold decrease in proline secretion in SKOV3ip1 cells compared with OVCAR3 was observed. Since proline metabolism is related to oxidative stress (26) and extracellular matrix production, our results suggest that more invasive cancer cells may be subjected to less oxidative stress than less invasive cancer cells and may have reduced extracellular matrix production.
Fold decreases in alanine secretion were also observed between SKOV3 and OVCAR3 (Fig. 5G ) and SKOV3ip1 and OVCAR3 (Fig. 5H) . Since alanine can be converted to pyruvate, the differences in alanine secretion can also be linked to the differences in pyruvate uptake between the cells in detachment.
Increased ATP production in highly invasive ovarian cancer cells in detachment. Since pyruvate uptake can create higher flux through the TCA cycle and increase the rate of oxidative phosphorylation and thus lead to increased ATP production, we next investigated whether the more invasive ovarian cancer cells were producing more ATP than the less invasive cancer cell lines. We found that both SKOV3 and SKOV3ip1, the more invasive ovarian cancer cell lines tested, had higher ATP production than OVCAR3 in nonadherent (Poly-HEMA) conditions after both 24 and 48 h (Fig. 6, A and B) . After 24 h, SKOV3 and SKOV3ip1 seeded in Poly-HEMA produced 40 and 45% more ATP, respectively, than OVCAR3. Under adherent conditions, SKOV3ip1 produced 42% more ATP than OVCAR3, whereas SKOV3 did not produce significantly more ATP than OVCAR3 (Fig. 6A) . After 48 h, SKOV3 and SKOV3ip1 cells seeded in Poly-HEMA produced 55 and 72% more ATP, respectively, than OVCAR3 cells, whereas in adherent conditions SKOV3 and SKOV3ip1 cells produced 33 and 55% more ATP, respectively, than OVCAR3 (Fig. 6B) . Therefore, ATP production may have an effect on invasiveness of ovarian cancer cells in detachment and attachment and may be linked to increased OCR in more invasive ovarian cancer cells under detached conditions. Notably, the detachment condition has a pronounced effect on ATP generation in more invasive cancer cells.
Increased pyruvate uptake in ovarian cancer cells in spheroidal cultures. Spheroid matrigel cultures have been used by various researchers to simulate anoikis conditions. In matrigel cultures ovarian cancer cells form spheroids, and in long-term cultures, i.e., Ͼ7-day cultures, it has been shown that cells in the inner core of the spheroid are detached or loosely attached to the extracellular matrix and thus mimic anoikis conditions (7, 11, 12, 29) . We noticed increased glucose uptake in more invasive cells (SKOV3ip1) in spheroid cultures on day 12 culture compared with day 6 and no significant differences in lactate secretion (Figs. 7, A and B) . This indicates that glucose consumed by SKOV3ip1 may be increasing flux through the TCA cycle rather than increasing lactate secretion as spheroids grow over 12 days. Remarkably, we observed that highly invasive ovarian cancer cells consumed all of the pyruvate originally in the medium (ϳ1 mM) within 6 days of seeding on Matrigel, with medium being changed and collected every 48 h. This trend was further observed when ovarian cells were cultured in spheroidal conditions in Matrigel over 12 days, with medium changed every 48 h (Fig. 7C) . Protein analysis of each cell line cultured in Matrigel after 6 and 12 days showed Fig. 5 . Effect of ovarian cancer cell invasiveness on secretomics in adherent vs. nonadherent conditions. Uptake and secretion of amino acids of OVCAR3 were compared with that of SKOV3 and SKOV3ip1 by taking a ratio of uptake or secretion of each amino acid for SKOV3 vs. OVCAR3 and SKOV3ip1 vs. OVCAR3 (fold analysis) for low-attachment plate (A-D) and Poly-HEMA conditions (E-H). Specifically, for low-attachment plate, amino acid uptake ratio of SKOV3 to OVCAR3 (A), amino acid uptake ratio of SKOV3ip1 to OVCAR3 (B), amino acid secretion ratio of SKOV3 to OVCAR3 (C), and amino acid secretion ratio of SKOV3ip1 to OVCAR3 (D) are shown. For Poly-HEMA condition, amino acid uptake ratio of SKOV3 to OVCAR3 (E), amino acid uptake ratio of SKOV3ip1 to OVCAR3 (F), amino acid secretion ratio of SKOV3 to OVCAR3 (G), and amino acid secretion ratio of SKOV3ip1 to OVCAR3 (H) are shown. Data were expressed as ratio of fluxes of amino acids for each cell line in each condition. Statistics was performed using propagation of error for ratio of 2 averages and t-test. Data are expressed as means Ϯ SE; n Ͼ 9. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. that SKOV3ip1 protein was around three times higher on day 12 vs. day 6, indicating that all pyruvate in the media was consumed due to the high rate of cell proliferation of SKOV3ip1 (Fig. 7D) . When observing the pyruvate content in the medium on days 6 and 12 of the culture, medium exposed to SKOV3ip1 in Matrigel contained almost no pyruvate, in contrast with OVCAR3 medium (Fig. 7E) . Even when pyruvate concentration was increased in Matrigel to three times the original concentration, almost no pyruvate was left in the medium after days 6 and 12 in the SKOV3ip1 Matrigel wells (Fig. 7F) .
Amino acid uptake and secretion of ovarian cancer cells in spheroidal culture. The higher pyruvate uptake observed above in highly invasive SKOV3ip1 cells vs. less invasive OVCAR3 in spheroidal condition could as a result increase TCA cycle flux in SKOV3ip1 compared with OVCAR3. We hypothesized that TCA cycle flux could be correlated with amino acid uptake and secretion since many amino acids serve as precursors for TCA cycle metabolites. To investigate differences in amino acid uptake and secretion between highly invasive and less invasive ovarian cancer cells in spheroidal culture, UPLC was conducted in medium from OVCAR3 and SKOV3ip1 cultured in Matrigel for 6 and 12 days. Results show large differences in secretion of some amino acids (Fig. 8A) . Specifically, glutamine uptake rate was higher for SKOV3ip1 than OVCAR3 on day 6 (Fig. 8B) . In Matrigel, secretion of citrulline was higher for SKOV3ip1 than OVCAR3 on both days 6 and 12, and secretion of alanine was lower for SKOV3ip1 than OVCAR3 on both days 6 and 12 (Fig. 8C ). These differences in secretion of nitrogen compounds over the duration of culture suggest differences in amino acids used as precursors of nitrogen-containing small molecules between highly invasive and less invasive ovarian cancer cells and between these cells in spheroidal culture.
Fold changes in uptake and secretion of TCA cycle amino acids in spheroidal culture. A comparison in amino acid uptake between SKOV3ip1 and OVCAR3 in spheroidal culture revealed fold increases in leucine uptake on day 6 (Fig. 9A) ; in contrast, there was a greater than twofold decrease in uptake of the branched-chain amino acids valine, isoleucine, and leucine on day 12 (Fig. 9B) . Since valine, isoleucine, and leucine can be synthesized from pyruvate, the differences in uptake of these amino acids may be linked to differences in pyruvate uptake between days 6 and 12 of spheroidal culture. Glutamate, proline, alanine, BAIB, and ornithine were secreted by both OVCAR3 and SKOV3ip1 on days 6 and 12 (Fig. 9, C and D) . We observed a 4.5-fold decrease in alanine secretion between SKOV3ip1 and OVCAR3 on day 6 and a 1.4-fold decrease on day 12 (Fig. 9, C and D) . Since alanine can be converted to pyruvate, differences in alanine secretion between SKOV3ip1 and OVCAR3 can be linked to differences in pyruvate uptake observed between these cells in spheroidal culture. Secretion of BAIB is also increased in SKOV3ip1 compared with OVCAR3 when cultured in spheroidal conditions (Fig. 9, C and D) . Since BAIB is a known tumor marker for urinary bladder cancer (13), the increase in BAIB secretion by SKOV3ip1 may be due to its higher invasive potential compared with OVCAR3. Glutamate secretion was also higher in SKOV3ip1 than OVCAR3 on days 6 and 12 in spheroidal conditions (Fig. 9, C  and D) . Since glutamate is a TCA cycle intermediate, fold differences in glutamate secretion between SKOV3ip1 and OVCAR3 in spheroidal conditions may be due to differences in TCA cycle activity.
Pyruvate increases the migratory potential of invasive ovarian cancer cells. Based on our finding that more invasive ovarian cancer cells consumed more pyruvate than less invasive ovarian cancer cells both in two-dimensional detachment (Poly-HEMA and low-attachment conditions) and spheroidal conditions, we investigated whether pyruvate uptake played a role in the invasiveness of ovarian cancer cells. Specifically, we aimed to study the effect of pyruvate on cell migration. Upon studying pyruvate's effect on the migration of OVCAR3 Fig. 6 . Effect of invasiveness of ovarian cancer cells on ATP production in attached and detached conditions. ATP production was measured for OVCAR3, SKOV3, and SKOV3ip1 after 24 (A) and 48 h (B). ATP production was expressed as a ratio of ATP produced by each cell line to the ATP produced by OVCAR3 in both attachment and detachment (Poly-HEMA). Data are expressed as means Ϯ SE, and 1-way ANOVA with Dunn's and Dunnett's post hoc tests were used to compare between cell lines in the culture conditions, using OVCAR3 as the control; n Ͼ 9. *P Ͻ 0.05. and SKOV3 cells using a wound-healing assay (Figs. 10, A and  B) , it was observed that pyruvate contributed to cell migration and that higher concentrations of pyruvate resulted in more migration over the time period of 12 h for SKOV3 but not OVCAR3, indicating that pyruvate may contribute to the motility of these more invasive cancer cells (Fig. 10B) . We found that cell viability did not decrease for any cell line with the addition of pyruvate vs. no addition of pyruvate (Fig. 10C) , indicating that migration results are not influenced by differences in cell viability due to pyruvate concentration.
High pyruvate concentration results in significantly larger differences in pyruvate uptake and lactate secretion between ovarian cancer cells in detachment. Since we found that ovarian cancer cells consumed almost all pyruvate in media after 48 h, pyruvate concentration was later increased to 10 times the original concentration in Poly-HEMA culture to further elucidate differences in pyruvate uptake between more highly invasive and less invasive ovarian cancer cell lines 48 h after seeding (Fig. 10D) . In detachment, SKOV3 and SKOV3ip1 consumed significantly more pyruvate than OVCAR3, respectively, over the 48-h period, whereas in adherent conditions, only SKOV3ip1 consumed significantly more pyruvate than OVCAR3 after 48 h. In addition, the higher pyruvate concentration resulted in higher lactate production for the more invasive ovarian cancer cells vs. the less invasive ovarian cancer cells in detachment and attachment, with increased glucose consumption occurring in highly invasive vs. less invasive ovarian cancer cells in some conditions (Fig. 10,  E and F) .
DISCUSSION
In the 1920s, Otto Warburg found that cancer cells have a higher glycolytic rate than normal cells, a phenomenon later named the Warburg effect (35) . Ever since Otto Warburg made this finding, researchers have focused on delineating genetic and protein pathways that are responsible for the Warburg effect. Overexpression of glycolysis enzymes has been seen to contribute to this effect in cancer. These include hexokinase and phosphofructokinase-1, which control conversion of glucose to glucose 6-phosphate and conversion of fructose 6-phosphate to fructose 1,6-bisphosphate, respectively (19) . Genes for enzymes involved in the glycolytic pathway have also been seen to be overexpressed in several studies (2, 38) . Tumor suppressor p53 has also been shown to be involved in increasing rates of glycolysis in cancer cells compared with normal cells (21, 39) , as well as HIF-1␣ (15, 39) . Based on these findings, drugs have been created to inhibit glycolysis pathways, including 3-bromopyruvate (9, 16) , which inhibits hexokinase, and 2-deoxyglucose (42) .
Although strides have been made to clarify the pathways that play a role in cancer cell metabolism, analysis of the overall cancer cell metabolism, including oxidative phosphorylation (OXPHOS) as well as glycolysis, is lacking for ovarian cancer. Studies have shown that OXPHOS is competent in some cancer cells (18, 20, 36) . Studying OXPHOS in cancer is important because it may help us better understand the glycolytic pathway and other molecular pathways already known to be involved in cancer malignancy and also can potentially lead us to even more promising molecular targets in addition to glycolysis enzymes. Additionally, the metabolism between highly invasive and less invasive ovarian cancer cells also needs further in-depth exploration, since targeted therapy may rely on this knowledge. SKOV3 has been shown to secrete more vascular endothelisal growth factor A (31) than OVCAR3, and SKOV3ip1 has been categorized as more metastatic than OVCAR3 (27) , indicating that SKOV3ip1 and SKOV3 are more highly invasive cell lines than OVCAR3. Additionally, our results in Matrigel invasion confirm that SKOV3 and SKOV3ip1 are more invasive than OVCAR3 (Fig. 1C) . A study of the differences in metabolism in these ovarian cancer cell lines may potentially lead to more effective targeted ovarian cancer therapies.
In this study, we hypothesized that ovarian cancer cells of varying invasiveness had different metabolic profiles and that Fig. 8 . Secretomics of ovarian cancer cells in spheroidal culture conditions. A: uptake and secretion of amino acids were determined using ultra-high-performance chromatography by taking ratio of media to media exposed to cells, as described by Shaham et al. (30) . B and C: fluxes for Gln uptake were determined for SKOV3ip1 and OVCAR3 in spheroidal culture (B) as well as for nitrogen compounds (C). Data are expressed as means Ϯ SE; n ϭ 6. *P Ͻ 0.05; ***P Ͻ 0.001. their metabolism would be altered in the detached vs. attached state. We have used MFP approach to assess ovarian cancer cell metabolism and have summarized our mechanistic understanding of the metabolism based on our results in Fig. 11 . We have shown that OCR is higher in more invasive ovarian cancer SKOV3ip1 cells than less invasive ovarian cancer OVCAR3 cells in detached conditions, as illustrated in the figure. High OCR indicates higher rate of oxidative phosphorylation in the mitochondria. This further indicates that high respiratory capacity may play a role in cancer cell invasiveness.
Additionally, we have found that pyruvate uptake is higher for more invasive ovarian cancer cells than less invasive ovarian cancer cells in detachment. This indicates that pyruvate may be fueling the TCA cycle and may play a role in the increased OCR of more invasive vs. less invasive ovarian cancer cells. One possible mechanism is that pyruvate can be converted into glycerate 2-phosphate in the glycolysis pathway. Pyruvate and serine are uptaken to create hydroxypyruvate, which then is converted to glycerate via NADPH and further into glycerate 2-phosphate through conversion of ADP into ATP (22) . In this way, pyruvate may be another metabolite consumed during glycolysis.
From our data, we see that supra-in vitro pyruvate concentrations (ϳ10 mM) lead to larger differences in pyruvate consumption and lactate secretion between highly invasive and less invasive ovarian cancer cells than normal pyruvate concentrations in in vitro cultures (1 mM). This shows that pyruvate concentration can modulate the metabolism of ovarian cancer cells of different invasiveness. Understanding pyruvate metabolism can thus be useful in creating therapies that can be targeted to ovarian cancer of varying invasiveness. Our findings can also be used to create powerful diagnostic tools that can discern highly invasive from less invasive ovarian cancer. Lactate secretion has also been shown to increase in high-grade vs. low-grade prostate cancer tumors using hyper- Fig. 9 . Effect of ovarian cancer cell invasiveness on secretomics in spheroidal culture. Fold analysis for SKOV3ip1 vs. OVCAR3 was conducted for amino acid uptake on day 6 (A), amino acid uptake on day 12 (B), amino acid secretion on day 6 (C), and amino acid secretion on day 12 (D) of spheroidal culture. Data in A-D are expressed as means Ϯ SE; n Ͼ 9. *P Ͻ 0.05; ***P Ͻ 0.001. Fig. 10 . Effect of pyruvate concentration on migration of highly invasive vs. less invasive ovarian cancer cells. OVCAR3, SKOV3, and SKOV3ip1 were seeded at densities that produced 80 -100% confluent monolayers 12 h after seeding. A: monolayers were scratched and imaged right after scratching and again every 4 h for Յ12 h. B: migration was assessed by creating binary images using Image J and comparing %area taken up by cells in each image. For each condition, the cell migration obtained after 12 h is expressed in percentage of wound area at 0 h. Trypan blue exclusion assay was additionally performed to assess whether addition of pyruvate affected the viability of ovarian cancer cells. C: data were reported as %live cells out of all cells in each pyruvate condition. In B and C, data are expressed as means Ϯ SE; n ϭ 9. Pyruvate uptake (D), glucose consumption (E), and lactate secretion (F) were determined after cells were cultured in media containing 10 times the original pyruvate concentration (1 mM). In D-F, data are expressed as means Ϯ SE, and 1-way ANOVA with Dunn's and Dunnett's post hoc tests were used to compare between cell lines in the culture conditions, using OVCAR3 as the control; n ϭ 9. *P Ͻ 0.05; ***P Ͻ 0.001.
polarized [
13 C]pyruvate, lactate, and alanine analysis (1). Pyruvate uptake can be thus used in addition to lactate secretion in cancer diagnostics.
We also show that pyruvate uptake is higher in the more invasive cell lines (SKOV3ip1) than the less invasive cell line (OVCAR3) in matrigel culture. The three-dimensional culture approach has been used by other researchers to study cancer cells due to its closeness to in vivo tumor morphology (4, 7, 41) . Matrigel culture of mammary epithelial cancer cells has been utilized to study lack of luminal clearance and luminal filling that takes place in mammary cancer and the oncogenes that play a role in this observation (7) . Other researchers have used three-dimensional approaches to study the reversion between normal and abnormal (cancer) glandular architecture (4, 41) . Since our pyruvate results hold for three-dimensional matrigel cultures, this suggests that pyruvate uptake may be higher in more invasive than less invasive ovarian cancer cells in the three-dimensional tumor microenvironment.
Using a secretomics approach, we found that in both spheroidal and two-dimensional cultures, amino acids that take part in the urea cycle, i.e., citrulline, ornithine, and alanine, are secreted in both attached and detached cells. Since citrulline can be produced from mitochondria, which essentially is fueled by pyruvate, citrulline, ornithine, and alanine secretion may indicate high flux through the TCA cycle, which is producing these amino acids at a high rate. In Poly-HEMA, there is a 1.5-to twofold decrease in uptake of the branched-chain amino acids valine, isoleucine, and leucine between SKOV3 and OVCAR3 and a three-to sixfold decrease in uptake of these amino acids between SKOV3ip1 and OVCAR3. Valine, isoleucine, and leucine are part of the pyruvate pathway, and thus uptake of these amino acids may be lower for more invasive ovarian cancer cells, since pyruvate uptake is high. Increased uptake of cystine in low-attachment conditions in highly invasive cells (SKOV3 and SKOV3ip1) compared with less invasive OVCAR3 cells can be due to the fact that cystine is converted into pyruvate and that cancer cells that require more pyruvate may also uptake more cystine. Proline was secreted in all cell lines in Poly-HEMA-and hydrogel-coated plates, which may indicate secretion of matrix to hold cells together in detachment, since the cancer cells in detachment were clustered. Glutamine was also found to be uptaken at a higher rate in more invasive vs. less invasive ovarian cancer cells, which suggests that glutamine may be fueling the TCA cycle, leading to high OCR in more invasive vs. less invasive ovarian cancer cells. Indeed, glutamine has the ability to compensate completely for the absence of glucose and maintain ATP levels (23) .
Both pyruvate and lactate have been shown to increase the migration of head and neck cancer cells (10) . However, the effect of pyruvate on the migration of cells of other cancers has yet to be researched. Our study is the first to show that pyruvate has the potential to increase migration of ovarian cancer cells and thus possibly increase metastatic potential of these cells. Additionally, our data suggest that pyruvate leads to increased TCA flux and OXPHOS in ovarian cancer cells.
In summary, using metabolomics, we have elucidated the differences in metabolism between highly invasive ovarian cancer cells and less invasive ovarian cancer cells in detachment. Our data show that highly invasive ovarian cancer cells have higher OCR than less invasive ovarian cancer cells in detachment. Additionally, highly invasive ovarian cancer cells uptake significantly more pyruvate than less invasive ovarian cancer cells in detachment, indicating that pyruvate uptake may increase oxidative phosphorylation in ovarian cancer cells. High oxidative phosphorylation in highly invasive vs. less invasive ovarian cancer cells may be responsible for the higher ATP production in highly invasive compared with less invasive ovarian cancer cells in detachment. Amino acid uptake and secretion of ovarian cancer cells in detachment correlate with their pyruvate uptake and increased TCA cycle flux in more invasive ovarian cancer cells. Finally, we have shown that pyruvate may be used by highly invasive ovarian cancer cells to migrate in attached conditions and thus may enhance metastatic potential.
